INTRODUCTION
From the time of compaction to early blastocyst formation, the lateral membrane domains of blastomeres in the outer trophectoderm (TE) lineage continue to mature with the assembly of tight junctions (TJs). The assembly of TJs in the TE is followed by the rapid accumulation of blastocoel fluid that coincides with the development of permeability seals (reviewed by Eckert and Fleming [1] ). Currently, integral members of the TJ, including occludin, claudins (4, 6 , and 7), ZO (1 and 2), and junctional adhesion molecule 1 (JAM1), have been identified at the TJs of mammalian blastocysts [2] [3] [4] [5] [6] [7] [8] [9] . Coxsackievirus and adenovirus receptor (CAR) is a member of the immunoglobulin (Ig)-type superfamily of cell adhesion molecules and acts as a component of the homotypic intercellular contacts of nonpolarized cells and the TJs in polarized cells [10, 11] . CAR in the epithelia plays a role in the regulation of epithelial permeability [11, 12] . CAR promotes conformational change in the virus capsid that is essential for virus entry and the release of viral RNA [13, 14] . Furthermore, CAR interacts with actin and microtubules, leading to the dynamic reorganization of the cytoskeleton [15, 16] . In cancer cells, CAR can elicit a negative signal cascade to modulate cell cycle regulators [17] [18] [19] [20] . The loss of CAR decreases cell adhesion, increases the migratory potential, and correlates with the invasive phenotype of the cancer [21, 22] .
The mouse Car gene is composed of at least eight exons, and Car-splice variants that differ at the end of the cytoplasmic tail have been identified in a number of tissues. In mice, Carsplicing variants (Car1, Car2, and Car3) have been found in a number of tissues [23] [24] [25] . In addition, Car4/7, 3/7, and 2/7 encoding the soluble CAR are expressed in human tissues [26, 27] . In mice, only one splicing variant encoding soluble CAR has been identified (GenBank no. NM_001276263). In human airway epithelia, CAR localizes to the apical membrane of the epithelia where it augments adenovirus infection [28] . In the placenta and uterine endometrium, the differential expression of the CAR regulates adenovirus infection [29, 30] . In the testes, CAR is expressed in the germ cells and spermatozoa [31] [32] [33] . Mouse embryos lacking the Car gene start to die at Embryonic Day 11.5 in utero due to a defect in cardiac development [34] , indicating that CAR might be dispensable for peri-implantation development beyond blastocyst stage as in the case of other CAR-related member of the CTX subfamily of the Ig-superfamily proteins [35] . Taking into consideration that multiple integral members of TJ participate in the development of TJs in the blastocyst, lack of CAR could be compensated by other TJ molecules in the pre-implantation embryos. In human blastocysts, CAR is expressed in the plasma membrane of TE and the nuclei of inner cell mass (ICM) as well as the outer layer of human embryonic stem cell colonies, suggesting that CAR plays roles in blastocyst development and embryonic stem cells [36] . Currently, however, the functional role of CAR in the biogenesis and functional integrity of TJs in the TE of the blastocyst remains to be elucidated. After implantation, TE differentiates into the trophoblast and ICM into the epiblast. Subsequently, primitive endoderm (PrE) is segregated from epiblast and differentiated into visceral endoderm (VE) in which TJs separate the epiblast from the maternal fluid, enabling the selective transport of macromolecules from the maternal to the fetal system. Though several TJ molecules such as ZO1, occludin, and claudins have been identified in the VE-like differentiating mouse embryonal carcinoma and teratocarcinoma cells and rat extraembryonic endoderm cells [37] [38] [39] , the expression of CAR in the TJs of developing PrE and VE of postimplantation embryos remained to be uncovered. In the present study, we examined the expression of Car-splicing variants and subcellular localization of CAR in pre-implantation mouse embryos. In addition, the role of CAR in the functional integrity of the permeability seal in TE cells, blastocoel development, and TE differentiation were examined. Finally, CAR expression in the extraembryonic tissues of postimplantation embryos in utero was examined at 5-6 days postcoitum (dpc).
MATERIALS AND METHODS

Antibodies
Rabbit polyclonal antibodies against amino acids 335-365 of human CAR (ab100811; Abcam) and mouse monoclonal antibodies against amino acids 1-100 of human b-actin (ab8226; Abcam) were used for Western blot analysis. Rabbit polyclonal antibodies against amino acids 1-300 mapping to the Nterminus of human CAR (sc-15405; Santa Cruz Biotechnology) were used for immunolabeling and functional blocking experiments. Rat monoclonal antibodies against mouse ZO1 (MABT11; Millipore) were used for immunolabeling. Peroxidase-labeled goat anti-rabbit IgG (ab6721) and rabbit anti-mouse IgG (ab6728) were obtained from Abcam. Biotinylated secondary antibodies were from Vector Laboratories. Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (FI-1000) was obtained from Vector Laboratories. FITC-conjugated chicken anti-rabbit IgG (sc-2990) and rhodamine-conjugated chicken anti-rat IgG (sc-2863) were obtained from Santa Cruz Biotechnology.
Sampling of Oocytes, Pre-implantation Embryos, and Postimplantation Embryos ICR mice were reared under 14L:10D cycles. Female mice 8 to 10 wk old were superovulated by intraperitoneal injection of 5 IU of equine chorionic gonadotropin (eCG) followed by 5 IU of human chorionic gonadotropin (hCG) 46 h later. Oocytes at metaphase II (MII stage ovulated oocytes) were collected from the ampullae of the oviducts by tearing with a fine forceps 18 h after hCG injection. Cumulus cells were removed with 0.1% hyaluronidase in M2 medium. To collect embryos, superovulated females were mated with ICR males, and mating was confirmed by the presence of a copulation plug the following morning. Embryos at the 2-, 4-, 8-cell, morula (16-cell) , and blastocyst stages were collected from either the oviducts or uteri of the females after asphyxiation in CO 2 . For examination of the postimplantation embryos, female mice were injected with Chicago blue dye (1% in PBS) via the tail vein, and the uterus was sampled after asphyxiation in CO 2 at 4, 4.5, 5, and 6 dpc. The day corresponding to the appearance of the vaginal plug was counted as 1 dpc. The implantation sites were sampled with dye diffusion as a marker. All animal experiments were performed in accordance with the Guide for the Care FIG. 1. Structure of the mouse Car gene and primer design for the detection of Car-splicing variants. The exon/intron structure of the mouse Car gene and Car-splicing variants were illustrated. For each known Car-splicing variants, one pair of primers (F and R) was designated. To detect unidentified Carsplicing variants encoding the transmembrane CAR, two pairs of primers (F1/R1 and F2/R2) were designated.
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and Use of Laboratory Animals at Hanyang University (IACUC no. 14-0110A).
RT-PCR for Car mRNA Variants in Mouse Pre-implantation Embryos
Total RNA was extracted from 30 oocytes or embryos per developmental stage. The MII stage oocytes and embryos were washed three times with Ca 2þ -and Mg 2þ -free phosphate-buffered saline (PBS), and distilled water treated with 0.1% diethylpyrocarbonate. RNA was extracted with TRI reagent (Molecular Research Center). RNA was precipitated using 20 lg of glycogen (Roche Applied Science) as a carrier by the addition of 1 volume of isopropanol. The RNA/glycogen pellet was harvested by centrifugation at 13 000 rpm, washed by 75% ethanol, dried, and then resuspended in 10 ll diethylpyrocarbonate-treated distilled water. The RNA solution was incubated at 658C for 5 min and then kept on ice. RT was carried out in the presence of 10 ll of total extracted RNA, 6 ll of nuclease-free water, and 4 ll of 53 RT Master Mix (FSQ-201; Toyobo). The RT parameters were: 378C for 30 min and 998C for 5 min. After the reaction, the samples were either used directly for PCR or stored at À208C. The PCR was performed using EmeraldAmp GT PCR master mix (Takara) according to manufacturer's protocol. To detect Carsplicing variants (Car1 lacking exon 8, Car2 lacking exon 7b, and Car3 with exon 7c and lacking exon 7b and exon 8) encoding the transmembrane CAR, three primer sets spanning at least two exons were designed. To detect the mRNA for total transmembrane CAR, a pan-primer set was designed to span exon 4 and exon 7a. To identify the mRNA for soluble CAR, a primer set spanning exon 2 and exon 3b was also designed. In addition, to identify the unidentified splicing variants for transmembrane CAR, two forward primers (F1 and F2) spanning exon 1 and two reverse primers (R1 and R2) spanning exon 7a were designed based on the exon/intron structure of the mouse Car gene (Fig. 1) . RT-PCR was conducted using brain, heart, kidney, liver, lung, ovary, and testis cDNA. Rpl7 and Gapdh were used as internal controls. The number of amplification cycles ranged between 20 and 35. PCR products were analyzed on 2% (wt/vol) agarose gels containing ethidium bromide. Sequencing of the PCR products was performed by CosmoGenetech. For the analysis of the H19, Cdx2, and Oct4 mRNA levels in the blastocysts following the CAR-blocking experiment, real-time PCR primers were designed to span at least two exons of the corresponding cDNA sequences in the mice. Real-time PCR was performed using MyiQ (Bio-Rad). The real-time PCR contained template cDNA, SYBR Premix EX Taq (TaKaRa), and primers. The threshold cycle (CT) was calculated for each reaction by the MyiQ detection system. Rpl7 was used as an internal control to normalize the CT values for each sample. Primer sequences and PCR conditions are summarized in Table 1 .
Western Blot Analysis
Fifty blastocysts in medium were lysed with equal volume of 23 sample buffer (65.8 mM Tris-HCl at pH 6.8, 26.3% glycerol, 2.1% SDS, 0.01% bromophenol blue, and 5% b-mercaptoethanol). Mouse brain and testis lysates were used for positive controls of CAR. Proteins were separated via 10% SDS-PAGE and transferred to a nitrocellulose membrane (Amersham Biosciences). The blot was blocked using 20 mM Tris and 500 mM NaCl (TBS) containing 7% skim milk for 1.5 h at room temperature. After rinsing with TBS containing 0.1% Tween-20 (TBST), the blot was incubated with rabbit polyclonal anti-CAR antibody (ab100811) diluted 1:1000 in immunoreaction enhancer solution (Can Get Signal Solution 1; Toyobo) overnight at 48C. After rinsing with TBST, the blot was incubated with peroxidase-labeled goat anti-rabbit IgG (ab6721) diluted 1:2000 in 5% skim milk in TBST for 1 h. The blot was washed with TBST, and the signal was detected using an ECL kit (Amersham Biosciences). The same blot was deprobed by incubation in stripping buffer (EzReprobe; ATTO) for 20 min, washed in TBST, and reprobed with normal rabbit IgG (ab27478; Abcam) as a negative control. As an internal control, a 1:2000 dilution of a mouse monoclonal anti-b-actin antibody (ab8226) and a 1:2000 dilution of a peroxidase-labeled rabbit anti-mouse IgG (ab6728) were applied.
Single and Double Immunofluorescence Staining of CAR and ZO1 in Mouse Embryos
Embryos were fixed in 4% paraformaldehyde in PBS for 30 min at room temperature and blocked in 0.01% Triton X-100 and 5% normal goat serum (for single staining) or 2% normal chicken serum (for double staining) in PBS for 30 min. Embryos were incubated with rabbit anti-CAR antibody (1:100 dilution, sc-15405) and rat anti-ZO1 antibody (1:100 dilution, MABT11) in 0.005% Triton X-100 and 0.05% normal goat or chicken serum in PBS at 48C for 24 h. As negative controls, normal rabbit IgG (sc-2027; Santa Cruz) and normal rat IgG (sc-2026; Santa Cruz) were used. After washing in PBS, FITCconjugated goat anti-rabbit IgG (1:200 dilution, FI-1000) in 0.005% Triton X-100 and 0.05% normal goat serum in PBS were incubated for 1 h at room temperature for single staining. For double staining, FITC-conjugated chicken 
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anti-rabbit IgG (1:200 dilution, sc-2990) and rhodamine-conjugated chicken anti-rat IgG (1:200 dilution, sc-2863) in 0.005% Triton X-100 and 0.05% normal chicken serum in PBS were applied. After washing in PBS, nuclear staining and mounting were conducted with ProLong Gold (Invitrogen) containing 4 0 ,6-diamidino-2-phenylindole (DAPI). Slides were observed under a fluorescence microscope system (IX71; Olympus) equipped with a digital imaging system (DP71; Olympus) for single-stained embryos or a confocal microscope (TCS-SP8 STED; Leica Biosystems) for double-stained embryos.
Immunohistochemistry of CAR and ZO1 in the Periimplantation Embryos
Uterine tissues at 4, 4.5, 5, and 6 dpc were fixed in Bouin solution (SigmaAldrich) for 12 h, dehydrated, cleared with xylene, and embedded in Paraplast (Leica Biosystems). Sections (5 lm thickness) of the implantation site were placed onto poly-L-lysine-coated slides. After deparaffination and rehydration, sections were autoclaved for antigen retrieval in 10 mM citrate buffer (pH 6) at 1208C for 10 min. To block endogenous peroxidase activity, sections were incubated for 15 min with 3% H 2 O 2 in methanol. After washing in PBS, slides were incubated for 30 min with blocking solution (1.5% normal goat or rabbit serum in PBS). Rabbit polyclonal antibody against the CAR (sc-15405; Santa Cruz) or rat monoclonal ZO1 (MABT11; Millipore) was diluted 1:2000 (to protein concentration of 0.1 lg/ml) in blocking solution, applied to sections, and incubated at 48C for 48 h. As a negative control, normal rabbit IgG (sc-2027; Santa Cruz) or rat IgG (sc-2026; Santa Cruz) was used. After rinsing with PBS, sections were incubated with biotinylated goat anti-rabbit IgG (Vector Laboratories) or biotinylated rabbit anti-rat IgG (Vector Laboratories) at a 1:200 dilution for 1 h at room temperature and then incubated with avidinbiotinylated peroxidase complex using a Vectastain ABC Kit (Vector Laboratories) for 30 min at room temperature. After the addition of 3,3 0 -diaminobenzidine as a chromogen, the slides were counterstained with Harris hematoxylin (Sigma-Aldrich). Permanently mounted slides were observed and photographed using a microscope equipped with a digital imaging system (DFC320; Leica).
Dextran Permeability Assays in Blastocysts Following Ca 2þ Switching
For the analysis of the role of CAR in the integrity of TJs in the TE, nascent blastocysts were subjected to Ca 2þ switch and the blocking of CAR. Dextranpermeability assay following Ca 2þ switching was performed as previously described [40, 41] . In brief, blastocysts were incubated in Ca 2þ -free HTF medium (101.6 mM NaCl, 4.69 mM KCl, 0.37 mM KH 2 PO 4 , 0.2 mM MgSO 4 Á7H 2 O, 21.4 mM Na lactate, 0.33 mM Na pyruvate, 2.78 mM glucose, 25 mM NaHCO 3 , 75 lg/ml penicillin, 50 lg/ml streptomycin, and 4 mg/ml BSA) for 1 h to transiently disrupt cell junctions and were then incubated in the Ca 2þ -free HTF containing either the CAR antibody (50 lg/ml) or normal IgG (50 lg/ml [supplemented with 2.04 mM CaCl 2 Á2H 2 O]) at 378C for 1 h. Embryos were then returned to a Ca 2þ -fortified medium containing 1 mg/ml FITC-labeled dextran (MW 40 kDa; Sigma-Aldrich) and incubated for 30 min. As a positive control, 2 mM ethylene glycol tetraacetic acid was included in the medium. The fluorescence intensity of each blastocyst was quantified under a fluorescence microscope (Olympus). Dextran flux values were reported in arbitrary florescence units.
Culture of the 8-Cell Embryos Following the Blocking of CAR
Eight-cell embryos were incubated in Ca 2þ -free HTF medium containing either the CAR antibody (50 lg/ml) or normal IgG (50 lg/ml) at 378C for 2 h. Embryos were then returned to the Ca 2þ -fortified medium and incubated for 22 h. At the end of the culture, the morphology of the blastocysts was examined under an inverted microscope and images of the embryos were obtained. For the analysis of gene expression in the blastocysts, the embryos were lysed in TRI reagent and subjected to real-time PCR analysis.
Statistical Analysis
The statistical significances of mRNA expression levels, the fluorescence intensity of the blastocoel, and the rate of blastocyst development under CARblocking antibody treatment were analyzed using one-way analysis of variance (ANOVA) followed by Tukey test using the SPSS 17.0 program (SPSS Inc.). Significance was accepted when the P value was smaller than 0.05.
RESULTS
Expression of Car-Splicing Variants in Adult Mouse Organs
Car1 mRNA was abundantly expressed in mouse organs except for the ovary in which the level of mRNA for pan- OH ET AL.
transmembrane CAR was low. Car2 mRNA was abundantly expressed in the heart, kidney, liver, lung, and testis but was weakly expressed in the brain and ovary. Car3 mRNA was detected only in the heart. Car mRNA for soluble CAR was abundantly expressed in the brain, kidney, liver, and lung but weakly expressed in the heart, testis, and ovary (Fig. 2) .
Car-Splicing Variants in Pre-implantation Embryos
RT-PCR using the pan-primers for transmembrane CAR isoforms (Car1, Car2, and Car3) mRNA resulted in the production of a 282 bp amplicon from the 2-cell through the blastocyst stage following 28 cycles of amplification. The amplicon of Car1 mRNA was detectable in 2-cell embryos, was markedly increased in the morula, and accumulated in the blastocysts. Car2 mRNA was detectable in the morula stage onward, and Car3 mRNA was detectable in the blastocyst stage. In contrast, mRNA for soluble CAR was detectable in MII oocytes, barely detectable in the 2-cell embryos, detectable in the 4-cell embryos, and accumulated in the morulae and blastocysts. In RT-PCR using primers spanning exon 1 and exon 7a for unidentified transmembrane Car mRNA, amplicons of 912, 996, 908, and 992 bp corresponding to Car1 mRNA were detected but amplicons for other Car variants were not (Fig. 3) . On Western blot, ;46 kDa CAR proteins were detected in the blastocysts and mouse brain and testis lysates. In blastocysts, 46 kDa CAR was dominantly expressed together with a minor 44 kDa band. In the negative control in which normal IgG was applied, no specific band was found (Fig. 4) .
Localization of CAR in the Pre-implantation Embryos
In the immunofluorescence-labeling experiment, CAR was found in the contacts between adjacent blastomeres and diffusely in the cytoplasm in 4-and 8-cell embryos. In the compact morula, CAR immunoreactivity was found in the lateral contacts between blastomeres along with a concomitant decrease in cytoplasmic signal. In the nascent and expanding blastocysts, CAR was found at the apicolateral contacts between TE cells. In the ICM, CAR immunoreactivity was found in the cell contacts (Fig. 5 ). In the two-dimensional (2D) image of the double-immunolabeling experiment, CAR was colocalized with ZO1 at the apical contacts between the TE cells and between ICM of the blastocysts. In the merged 3D image analysis, CAR was found in the ZO1-free lateral contacts as well as apical contacts between adjacent TE cells while ZO1 was primarily found in the apical contacts between adjacent TE cells. In the negative controls in which normal IgG replaced the primary antibodies, no specific signal was found (Fig. 6) .
FIG. 4.
Western blot of CAR in mouse blastocysts. Fifty blastocysts were subjected to SDS-PAGE and Western blot analysis together with mouse brain and testis lysate as positive controls. Blot was probed using a rabbit polyclonal anti-CAR antibody (ab100811). The same blot was reprobed by normal rabbit IgG (ab27478) following stripping. As an internal control, mouse monoclonal anti-b-actin antibody (ab8226) was probed.
FIG. 5.
Immunofluorescence microscopy of CAR in mouse pre-implantation embryos. Mouse 4-and 8-cell embryos, morulae, nascent blastocysts, and expanded blastocysts were immunostained for CAR (green). In 4-and 8-cell embryos, CAR immunoreactivity was found in the cell contacts (arrows) as well as in the cytoplasm (asterisks) of blastomeres. In the morula and nascent blastocyst, CAR immunoreactivity was concentrated in cell contacts between blastomeres (arrows). In the expanding blastocysts, CAR immunoreactivity was concentrated in the cell contacts (arrows) in the TE and ICM. In the negative control in which blastocyst was labeled with normal rabbit IgG, no specific signal was found. Nuclei were stained with DAPI (blue). Bar ¼ 20 lm.
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Effect of CAR Antibody on the Paracellular Permeability of Blastocysts and TE Marker Gene Expression
In the dextran-FITC permeability assay of blastocysts under Ca 2þ -switching conditions, the fluorescence intensity of the blastocoel was significantly higher in the embryos treated with CAR-blocking antibody compared to the normal IgG-treated embryos. In the negative control (i.e., HTF medium), permeability to dextran-FITC was basal. In the positive control (2 mM ethylene glycol tetraacetic acid in HTF), permeability to dextran-FITC was markedly increased (Fig. 7A ). In the realtime PCR analysis, H19 RNA levels of CAR antibody-treated embryos were significantly lower than those of normal IgGtreated embryos while the levels of Cdx2 mRNA and Car mRNA for pan-transmembrane CAR were not significantly changed (Fig. 7B) .
Effect of CAR Antibody on the Development of 8-Cell Embryos to Blastocysts and the Expression of Cell LineageSpecific Markers
When the 8-cell embryos were treated with CAR-blocking antibody in the Ca 2þ -free conditions and were then returned to normal medium, the embryos developing into blastocysts following culture for 24 h was significantly impaired (Table 2) . In these embryos, the diameter of the blastocoel was significantly smaller than those of embryos treated with normal IgG as well as the control embryos (Fig. 8A) . In addition, the H19 and Cdx2 mRNA levels in these embryos were significantly lower than those of control embryos. In contrast, the Oct4 mRNA levels of embryos treated with CAR-blocking antibodies were not different among the studied groups (Fig.  8B ).
CAR Expression in Implanting Embryos and the Uterine Endometrium
In the immunohistochemical analysis, CAR was found in the plasma membrane of the mural and polar TE and the ICM of blastocysts in utero at 4 and 4.5 dpc in the endometrium. In the uterine endometrium CAR was found at the apicolateral contacts between adjacent luminal epithelial cells. At 5 dpc, the early egg cylinder stage in mice, CAR was found in the epiblast, PrE, and extra-embryonic ectoderm in implanting embryos, and the luminal epithelium of uterine endometrium. In the epiblast, CAR was strongly expressed in the inner cells but weakly in the surrounding cells. At 6 dpc, CAR was found in the apical surface as well as lateral contacts between adjacent VE cells. In epiblast, CAR was found in lateral contacts between adjacent epiblast cells. Of note, strong CAR immunoreactivity was found together with ZO1 at the apical contacts between the inner cells surrounding the developing pro-amniotic cavity and at the apical contacts between adjacent VE cells. In the negative control, in which normal IgG replaced the CAR antibody, no specific signal was found (Fig. 9 ).
DISCUSSION
Expression of Car-Splicing Variants in Mouse Preimplantation Embryos
Car-splicing variants encoding the transmembrane CAR (Car1 and Car2) differing only at the C-terminus have been demonstrated to be present in mice [13] . Recently, a Car3 transcript with an alternative spliced exon 7c but lacking exon 7b and exon 8 has been described [24] . In humans, three soluble CAR isoforms lacking the transmembrane domain have been generated via alternative RNA splicing between exons 4 and 7 (Car4/7), exons 3 and 7 (Car3/7), and exons 2 and 7 (Car2/7) [27] . These splicing variants encoding the soluble CAR were identified in human blastocysts cultured in vitro and assumed to correspond with nuclear/cytoplasmic CAR [36] . In mouse blastocyst, only one splicing variant was detected consisting of exons 1 to 3b, corresponding to mouse Car variant for soluble CAR (GenBank no. NM_001276263), quite different from the human Car variants for soluble CAR (GenBank no. NM_001207063, NM_001207064, and NM_001207065). In RT-PCR using the pan-primers for transmembrane Car-splicing variants, amplicon was detectable in the pre-implantation embryos from the 2-cell stage to the blastocyst stage but not in the MII oocytes. This suggests that mRNA for transmembrane CAR is expressed from embryonic genomes and that zygotic gene activation of Car gene was set before the blastomeres acquired an epithelial phenotype and FIG. 6. Double immunofluorescence microscopy of CAR and ZO1 in mouse blastocysts. Mouse blastocysts were double immunostained for CAR and ZO1. In the merged 2D image, CAR was colocalized with ZO1 in the apical contacts between the adjacent TE cells and between the adjacent ICM (yellow, arrows). In the merged 3D image, CAR was found in the ZO1-free lateral contacts (green arrows) as well as apical contacts (yellow arrows) between adjacent TE cells while ZO1 was primarily found in the apical contacts between adjacent TE cells (red arrows). In the negative control in which the primary antibodies were replaced with normal IgG, no specific signal was found. Nuclei were stained with DAPI (blue). Bar ¼ 20 lm.
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further activated at compaction. Taking into account the temporal expression pattern of E-cadherin and integral members of TJ in the oocytes and pre-implantation embryos, the time of the transcriptional activation of the Car gene during pre-implantation development was similar to that of Ecadherin, Zo1, and Jam1 mRNA, and a little later than that of occludin mRNA [2, 5, 42, 43] . The expression pattern of Car1 mRNA is reminiscent of the mRNA for pan-transmembrane CAR, and Car1 accumulates in the compact morula and blastocyst. A flexible ectodomain for CAR mediates homophilic and heterophilic binding, enabling CAR-mediated cell adhesion and the development of apical TJs via homophilic binding and the interaction with other cell adhesion molecules including TJ proteins [11] . On Western blot, ;46 kDa CAR proteins were detected in the blastocysts, which was similar to CAR in mouse brain and testis. In blastocysts, 46 kDa CAR corresponding to the expected size of mouse CAR1 was dominantly expressed (Fig. 4) , suggesting that CAR1 may be dominant in the blastocysts. Together, CAR1 may act as the major transmembrane CAR isoform participating in the cell adhesion and/or the development of TJ in pre-implantation embryos. In contrast, Car2 and Car3 mRNA encoding short transmembrane CAR isoforms were less abundant and only detectable in the morula and blastocyst stage, respectively, indicating late onset of expression of these short splicing variants. Though the difference in the subcellular localization between short CAR isoforms (CAR2 and CAR3) and CAR1 remained uncovered in the pre-implantation embryos, they may also mediate cell adhesion in morulae and blastocysts. The intracellular tail of CAR is important for the correct targeting of CAR to the cell membrane [12, 44] . Taking into account the short C-terminal tail regions of short CAR isoforms encoded by Car2 and Car3 mRNA, the subcellular localization of CAR2 and CAR3 may be different from that of CAR1 in the blastocysts. Car mRNA for soluble CAR was expressed in MII oocytes, barely detectable in the 2-cell embryos, detectable in the 4-cell embryos, and accumulated in the morulae and blastocysts. In human ovarian cancer, soluble CAR isoforms counteract the migration-and growth-inhibitory properties of membranous CAR, favoring cancer cell dissemination throughout the peritoneal cavity [45] . Both soluble CAR and anti-CAR antibodies disrupt TJ formation in epithelial cells [11, 46] . Though the function of soluble CAR remains to be answered, soluble CAR as an integral competitor of membrane CAR may modulate the action of the transmembrane CAR in cell adhesion and/or TJ formation in morulae and blastocysts.
Role of CAR in the Cell Adhesion and Biogenesis of TJ in Pre-implantation Embryos
In immunofluorescence microscopy, CAR was found in the contacts between adjacent blastomeres and diffusely in the cytoplasm in 4-and 8-cell embryos. In the morula, CAR immunoreactivity in the cell contacts between blastomeres was visibly increased. This suggests that CAR is recruited to the plasma membrane in the blastomeres during compaction to 
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support cell polarization. In double immunofluorescence labeling, CAR and ZO1 were colocalized at the apical contacts between TE cells in the blastocyst, as seen in other polarized epithelia [12] . In the merged 3D image, CAR was found in the ZO1-free lateral contacts as well as apical contacts between adjacent TE cells while ZO1 was primarily found in the apical contacts between adjacent TE cells. This indicates that CAR may mediate cell adhesion as well as apical TJs in TE cells of blastocyst. From the time of compaction to early blastocyst formation, the lateral membrane domains of blastomeres in the TE lineage continues to mature with the assembly of TJs [47, 48] . Taking into account the colocalization of ZO1 and CAR at the apical contacts between TE cells, it is highly likely that CAR TJs participate in the development of the permeability seal in TE. In support of this interpretation, the treatment of 8-cell embryos with CAR-blocking antibodies significantly decreased blastocyst development and the volume of blastocoel. In blastocysts, the diffusion of dextran-FITC into the blastocoel following Ca 2þ switching was significantly increased by CAR-blocking antibodies, indicating the obligatory role of CAR in the assembly and integrity of the TJs in TE. Similarly, CAR antibodies disrupt TJ formation in several epithelial cells [11, 46] . Aside from the TE, in the blastocysts in utero, CAR was found in the contacts between nonpolarized ICM cells. Similarly, in human blastocysts, CAR was also found in the plasma membrane of ICM cells [36] , suggesting that CAR may act as a mode of cell adhesion in the ICM as did JAM1 in blastocysts [5] . In the epithelia, CAR mediates the endocytic recycling of E-cadherin, regulating the junction stability [49] . In mouse blastocysts, E-cadherin is expressed in the ICM as well as TE [50] . In the TE of blastocysts, Ecadherin is crucial for the assembly of TJs [51] . Therefore it is likely that CAR may participate in the regulation of Ecadherin-mediated adherens junction in the ICM and TE. In cancer cells and primary tumors, CAR expression appears to inversely correlate with cell proliferation and substantially promotes survival as a negative regulator of Rho-associated protein kinase while inhibiting caspase3/7 activation and TRAIL-induced apoptosis [18, 19, [52] [53] [54] . In mice, apoptosis as well as DNA synthesis are active in the ICM, the ICMderived PrE, and the epiblast [55] , suggesting that signals generated by CAR may support cell survival while maintaining cell adhesion in the ICM and its derivatives. H19 RNA, a riboregulator, is involved in growth suppression, cell differentiation, and control of the cell cycle and expressed in the TE of blastocyst [56, 57] . In mouse embryonic stem cells, H19 RNA induction leads to trophoblast lineage commitment through the induction of Cdx2 and against the inhibitory effects of Oct4 [58] . Cdx2 participates in two steps that lead to TE specification: the appropriate polarization of blastomeres at the 8-and 16-cell stage and the maintenance of TE lineagespecific differentiation [59] . On the other hand, OCT4, a POU transcription factor for stemness, is expressed in the ICM but not in the TE [60] . In the blastocysts treated with CARblocking antibody following Ca 2þ switching, H19 RNA was significantly decreased without the visible change in mRNA for pan-transmembrane. Similarly, CAR-blocking antibody treatment at the 8-cell stage following Ca 2þ switching delayed blastocyst development. The expression of H19 RNA begins in the preblastocyst stage during mouse development, and the gene only shows high expression in the TE [61] . H19 RNA and Cdx2 mRNA levels of the blastocysts treated with CAR- blocking antibodies were significantly lower than those of control embryos, indicative of a less well development of the TE. Together, CAR may participate in the cellular adhesion between blastomeres, polarized differentiation, and the subsequent assembly of TJs in the TE, contributing to the development of blastocysts. Nevertheless mouse embryos lacking Car gene survive beyond the implantation and die at Embryonic Day 11.5 in utero [34] . Similarly, mice lacking JAM3, a CAR-related member of CTX subfamily of the Igsuperfamily proteins, survive beyond the implantation, but 60% of the mutants die during postnatal development [35] . Taking into account the fact that multiple TJ proteins build up TJs in the TE, epiblast, and VE of peri-implanation embryos [1, 37, 62] , the absence of serious phenotype of mouse preimplantation embryos lacking Car might be due to functional redundancy for TJ molecules.
Suggested Roles of CAR in Peri-implantation Embryos and Endometrium
In the uterus 4 dpc, CAR was found in the apicolateral surface of luminal epithelial cells, coinciding with a previous study on mouse endometrium [30] . This suggests that CAR contributes to the cellular adhesion and luminal permeability barrier in endometrial epithelial cells. At 4.5 dpc, when the hatched blastocyst begins to implant, CAR was mostly found in the apicolateral contacts between adjacent luminal epithelial cells. Importantly, taking into account the observation that CAR was expressed in the TE of embryos preparing implantation at 4 and 4.5 dpc, the homophilic binding of CAR between the TE of the blastocyst and endometrial luminal epithelium may mediate the binding and subsequent migration of the implanting blastocyst across the luminal epithelia while maintaining the permeability barrier in the endometrial luminal epithelia. Similarly, in the testes, CAR in early spermatocytes interacts with JAML, supporting the migration of germ cells across the blood-testis barrier while maintaining the integrity of the TJ barrier [31, 32] . In the postimplantation embryos at 5 dpc, CAR was found in the apicolateral contacts between adjacent epiblast cells, suggesting that CAR acts as a mode of cell adhesion in this nonpolarized epiblast cells. Of note, CAR immunoreactivity at the contacts between adjacent inner core cells was stronger than those of cell contacts facing the PrE. At 6 dpc when the embryos transformed into the egg cylinder, CAR was found in the apical contacts between adjacent core epiblasts facing the developing pro-amniotic cavity in which ZO1 was strongly expressed at the apical contacts. During 5-6 dpc, epiblasts are reshaped from a compact ball of nonpolarized cells into a cup-shaped polarized epithelium surrounding the pro-amniotic cavity as a result of apical constriction mediated by contraction of the actomyosin network linked to adherens junctions [63, 64] . Therefore, polar distribution of CAR may contribute to the patterning of epiblasts before gastrulation and support the development of the pro-amniotic cavity via building the apical TJs while maintaining the cell adhesion in adjacent epiblast cells. In the PrE and VE at 5-6 dpc, CAR was found in the apical membrane as well as lateral contacts between adjacent cells that are positive for ZO1 at apical contacts. PrE and VE are characterized by their high endocytic and degradative capacities and separate epiblasts from the blastocoelic fluid; they constitute the functional interface between mother and fetus before placentation [65, 66] . Together, in the PrE and VE, CAR may build up TJs while maintaining cell adhesion, supporting the polarization of the epithelia and separation of the epiblasts from the blastocoelic fluid. Aside from the role in the cell adhesion in the periimplantation embryos, CAR expression in the expanded blastocysts and uterine endometrium is of interest for transgenesis using adenovirus. Currently, whether CAR mediates adenoviral vector infection has not been verified in preimplantation embryos and uterine endometrium. In mice, a fully functional adenovirus receptor does not appear in the 1-cell stage but is present in the 2-cell stage [67] . In RT-PCR using the primers for pan-transmembrane CAR, Car mRNA was detected in 2-cell stage and increased thereafter (Fig. 3) . In the rodent and bovine embryos, the ability for an adenovirus vector to efficiently deliver genes decreased during the preimplantation development [68] . This is contrast to the increase in Car mRNA during the pre-implantation development, suggesting that intriguing mechanisms aside from the cellular levels of CAR may determine the efficacy of adenoviral vector infection in the pre-implantation embryos. In mice, gene delivery to the uterine endometrium has been successful via the FIG. 9 . Immunohistochemical localization of CAR in peri-implantation embryos in utero. At 4 dpc, CAR was found in the cell contacts between ICM cells and in the cell surface and cell contacts in the mural as well as polar TE. In the uterine endometrium, CAR was found in the apicolateral contacts between adjacent luminal epithelial cells (LE). At 5 dpc, CAR was found in the primitive endoderm (PrE) and extra-embryonic ectoderm (ExE) of implanting embryos. In the epiblast (EP), CAR immunoreactivity was strong in the inner core (arrowheads). In the transverse section of embryos at 6 dpc, CAR was found together with ZO1 in the apicolateral contacts between adjacent visceral endoderm (VE) cells (arrows). In the EP, CAR was strongly expressed together with ZO1 in the apical contacts between adjacent inner cells (arrowheads) surrounding the developing pro-amniotic cavity (asterisks). In the negative control, in which normal rabbit IgG replaced the primary antibodies, no specific signal was found. D, decidua; B, blastocyst; HB, hatched blastocyst. Bar ¼ 20 lm.
CAR IN PERI-IMPLANTATION MOUSE EMBRYOS
direct application of an adenoviral vector through the uterine horn [69] . The expression of CAR on the luminal epithelium of uterine endometrium during peri-implantation period could also provide the basis for adenoviral vector-mediated therapeutic gene delivery to endometrium in cases of implantation failure.
